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For liquid-scintillator neutrino detectors of kiloton scale, the transparency of the organic solvent 
is of central importance. The present paper reports on laboratory measurements of the optical 
scattering lengths of the organic solvents PXE, LAB, and Dodecane which are under discussion for 
next-generation experiments like SNO+, Hanohano, or LENA. Results comprise the wavelength 
range from 415 to 440 nm. The contributions from Rayleigh and Mie scattering as well as from 
absorption/re-emission processes are discussed. Based on the present results, LAB seems to be the 
preferred solvent for a large-volume detector. 

PACS numbers: 29.40.Mc, 95.85.Ry, 78.35. +c, 26.65.+t 



I. INTRODUCTION 

In recent years, large-volume liquid-scintillator detec- 
tors have made important contributions to low-energy 
neutrino physics ^[3]. At present, typical target masses 
range from several hundred tons to kilotons, correspond- 
ing to spherical volumes of more than 5 meters in radius 
[H |S]. Scintillation light generated in the bulk of the 
detector has to cross several meters of liquid before ar- 
riving at the photomultiplicrs. As a consequence, the 
transparency of the organic solvent plays an important 
role for the signal interpretation in present-day neutrino 
experiments. 

The importance of optimizing the transmission of scin- 
tillation light in organic solvents will dramatically in- 
crease in the next generation of liquid-scintillator detec- 
tors: the up-coming SNO+ experiment (1 kt target mass) 
[H] and especially the planned Hanohano (10 kt) [7j and 
LENA (50 kt) [8] neutrino observatories demand efficient 
light transport over 10 to 20 meters. Even given a high 
molecular purity of the used solvents, this requirement 
is already near to the optimum transparency that can 
be obtained under realistic conditions. The natural limit 
that Rayleigh scattering off the solvent molecules imposes 
on the attenuation length is typically of the order of 30 m. 

The present work describes measurements of the opti- 
cal scattering lengths in a number of organic solvents that 
arc currently discussed as candidates for upcoming exper- 
iments. The results complement preceding measurements 
of the attenuation length that reflects the general trans- 
parency [§] as it includes both the effects of light scatter- 
ing and light absorption. However, both parameters are 
mandatory for a correct description of three-dimensional 
light transport. 
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The analysis of the data makes it necessary to distin- 
guish between a variety of microscopic processes that can 
contribute to the scattering and absorption in an organic 
liquid. Sect.|ll] gives a comprehensive overview of the 
most important mechanisms and their effects on macro- 
scopic light propagation. The laboratory setup used for 
the actual measurements is described in Scct.lIIIl data 



analysis is treated in Sect. |IV| The results as well as their 
interpretation are presented in Sects. |V| and |VI| 



II. LIGHT PROPAGATION 

Light traveling through an organic liquid scintillator 
can either be deflected from its path or be absorbed by 
molecules impeding its way. The underlying microscopic 
processes can be distinguished by the direction of the 
outgoing photon (if there is a final-state photon) and its 
polarization. In general, the individual contributions of 
different processes to the overall macroscopic light atten- 
uation depend on the molecular properties of the solvent, 
its purity, and the number density of interaction centers. 

The three microscopic processes having influence on 
the light propagation are the following: 

1. Rayleigh scattering off the bound electrons of 
molecules in the solvent [TUj . 

2. Mie scattering from dirt or dust particles suspended 
in the liquid [HIE]. 



3. Absorption of the light by molecules, which is ei- 
ther re-emitted or converted into excitation modes 
invisible to the photomultiplicrs (like infrared light 
or heat) [9]. 

Only if the light is fully absorbed, it is completely 
lost for detection, while in all other scenarios merely the 
propagation direction changes. Therefore, absorption- 
reemission processes can be counted as a form of scat- 
tering for all practicable purposes. Raman scattering 
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describing inelastic scattering by molecules can be ne- 
glected as it is usually several orders of magnitude weaker 
than Rayleigh scattering [IB] . 

Experimentally, the contributions of these processes 
can be distinguished by the angular dependence of the 
scattered light: The differential cross-section of Rayleigh 
scattering [10 



the attenuation length L can be written as 



da 



cos 



(1) 



reflects the full suppression of the polarization com- 
ponent parallel to the direction of incident light for a 
scattering angle 0=90°. The intensity emitted over the 
whole solid angle is therefore anisotropic, reaching twice 
the value of that corresponding to #=90° for scattering 
directions parallel (or antiparallel) to the initial propa- 
gation direction. 

Re-emission processes on the other hand are assumed 
to be fully isotropic as the light is first absorbed by the 
molecule and the delayed de-excitation is unrelated to 
the incident light direction. 

Depending on the size of the scattering centers, Mie 
scattering features either Rayleigh-like or highly irregu- 
lar differential cross-sections, usually with an increased 
forward-scattering amplitude JTJ [T2] . Depending on the 
material and size of the particles, polarization of the scat- 
tered light is more or less pronounced. Possible indica- 
tions for Mie scattering are an additional contribution of 
anisotropic scattering that cannot be accounted for by 
Rayleigh scattering or a pronounced forward-scattering 
amplitude. 

In the present experiment, both the intensity and po- 
larization of the scattered light are measured for sev- 
eral scattering angles. Using these results, it is possible 
to identify the contributions of Rayleigh scattering, Mie 
scattering and absorption/re-emission processes by their 
angular dependences. The total number of scattered pho- 
tons per unit propagation length dN/dx can therefore be 
derived without an actual 47r-detection of the scattered 
intensity. 

Assuming one-dimensional propagation, dN/ dx can di- 
rectly be related to the attenuation length L which de- 
scribes the length after which the number of photons 
N(x) has dropped to 1/e of its initial value A^: 



dN 
dx 



= -QN{x) => N[x) = N c- Qx = Noe~ x / L . (2) 



The factor Q = nctot describes the ratio of scattered 
light per unit length to the incident number of photons 
N(x) at point x: Here, n is the number density of scat- 
tering centers in the direction of light propagation, while 
crtot is the total interaction cross section. It is also pos- 
sible to derive the partial light propagation lengths li 
which are related to the scattering ratios Qi of individ- 
ual processes via £i = l/Qi. As Q=J2% Qi=J2i( na tot)i, 
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The relevant propagation lengths are: 



L Attenuation Length 

£a Absorption Length 

Is Scattering Length 

l aic Absorption/Re-Emission Length 

4ay Rayleigh Scattering Length 

l m - lc Mie Scattering Length 

i an Anisotropic Scattering Length 

lis Isotropic Scattering Length 

For practical reasons, £ aTO is here included in the 
overall scattering length £$■ In the present analysis, the 
scattering length £§ is described as a combination of 
anisotropic (£ an ) and isotropic (£- ls ) scattering lengths: 
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This will be discussed in detail in Sect. [TV 



III. EXPERIMENTAL SETUP 

Fig. [I] shows a schematic drawing of the laboratory 
setup. The experiment is based on a collimated light 
beam of well-defined wavelength that is sent through a 
sample of liquid scintillator contained in a glass vessel. 
The number of photons in the beam Ab is monitored by 
a photomultiplier PM-B. A second photomultiplier PM-S 
can be set off-beam at different scattering angles 9 and 
registers the photon number As scattered by the scintil- 
lator. A set of collimators in front of PM-S defines the 
solid angle £1 the PM is sensitive to. An additional po- 
larization filter allows to determine to which extent the 
scattered light is polarized, selecting the linear polariza- 
tion component p: either perpendicular _L or parallel |j 
to the beam. The result of each measurement is the ra- 
tio q(0,p) = As/Ab of the measured photon numbers 
from which the various propagation lengths will be de- 
rived (Sect. IV). The whole setup is fully contained in a 
light-tight box in order to protect the phototubes from 
external light. 



A. Optical Components 

The light source used is an LED emitting between 
400 and 460 run with the maximum at 430 nm [TJ]. A 
focussing lens together with an aperture inhibits a sig- 
nificant widening of the beam to the photomultiplier 
PM-B [15] that is monitoring the beam intensity. A 
narrow-bandpass filter [16 limits the beam spectrum 
to ^10 nm around the central wavelength of the filter: 
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FIG. 1: Sketch of the experimental setup: The light generated 
by a LED crosses the sample and is scattered into the photo- 
multiplier PM-S. Collimators define the field of view, while a 
polarizer is used to disentangle different contributions to the 
scattering amplitude. The photomultiplier PM-B monitors 
the beam intensity. 



Three bandpass filters of (415. Ot^) nm, (430.3^2) ™, 
and (441.5±|;|) nm are used [17] , 

The scintillator sample is contained in a cylindrical 
glass beaker of 6 cm diameter and ~15 cm in height. This 
geometry was chosen to minimize light reflection and re- 
fraction on the sample surface. In the analysis, the re- 
maining optical effects are taken into account by a Monte 
Carlo simulation (Sect. IV). 



In front of the beam-monitoring photomultiplier PM- 
B, an array of six optical greyfilters [18] reduces the light 
intensity to a level compatible with the high sensitiv- 
ity of the light detector. The cumulative transmissions 
through greyfilters and polarizer at three defined wave- 
lengths are reported in Tab.|l] The effective aperture of 
PM-B is 5x5 cm, i. e. much larger than the beam diame- 
ter, thus avoiding beam shadowing effects. 

The scintillator sample as well as the second photomul- 
tiplier PM-S are mounted on a rotatable platform. The 
rotation axis coincides with the axis of the glass beaker. 
Four scattering angles were used: 75°, 90°, 105°, and 
120°. 

PM-S is of the same type as PM-B. Both PMs are 
shielded from external magnetic fields by /i-metal foils. 
The accessible solid angle is well defined by a pair of rect- 
angular collimators. PM-S's field of view is narrowed to 
the very center of the sample, corresponding to a maxi- 
mum angular acceptance of # max «±4° and ip m:ix ~±l0 o . 
The angle ip describes rotations around the beam axis. 
In addition, the collimators shield the phototube from 
the diffuse scattering of light occurring at the entry and 
exit points of the beam in the beaker glass. To determine 
the polarization of the scattered light, a linear polarizer 
|19| is mounted between the two collimators in front of 
PM-S. 



B. Electronics and DAQ 

A pulse generator [20] is used to supply both voltage 
pulses to the LED and a NIM trigger signal to the data 
acquisition (DAQ) system described below. The LED is 
operated with square pulses of ^25 us in length and ^2 V 
in amplitude. 

Both photomultipliers are operated in single-photon 
mode at a voltage of 1.4 kV [5T]. Voltage dividers are 
mounted on the PM bases. 

The DAQ system itself is a combined unit of ADCs 
and a PC for controlling the DAQ 22 . A time reso- 
lution of 500 ps (2GS/s) and a total voltage range of 
50 mV at a resolution of 10 bit was applied. Between 0.1 
and 20 photons per time gate are registered by the pho- 
totubes, equally distributed over the entire gate duration 
of 25 ps. This allows an analysis based on the counting of 
single-photon pulses. In addition, the measured number 
of photons per gate duration are statistically corrected 
for pile-up, which is at maximum a 10 % effect. The 
number of dark counts of the PMs inside the time gate 
is negligible. 

For each time gate, the number of registered photons is 
written to an individual histogram for both PM channels. 
Mean values and standard deviations of the histograms 
are calculated. The ratio q = Ns/Nb of the obtained 
mean photon numbers serves as input parameter for the 
further analysis. 

The DAQ software is based on Lab View [23] . 



IV. DATA ANALYSIS 

The determination of the scattering length requires a 
sequence of steps that is executed by a C+- I-/ROOT- 
based software routine [24 . 

For all samples, data is evaluated separately for each 
wavelength. The experimentally derived intensity ratios 
q(9,p)=Ns/NB for four scattering angles 9 and two po- 
larizations p (perpendicular _L and parallel || to the beam) 
are used as basic values. Several corrections have to be 
applied to q: 

• Uncorrelated systematic uncertainties have to be 
added to the statistical uncertainties (1%) of the 
individual values of q(9,p). Most prominent are 
terms considering surface evenness and cleanness 
of the sample glass (4%) and variations in the pho- 
toefficiency of PM-S due to changes of magnetic 
stray fields for different values of 9 (7%). 

• The results of a background measurement q^ s = 
-^S.bg/^B.bg using deionized water have to be sub- 
tracted from each data point q. qb g in turn has 
to be corrected for the residual Rayleigh scatter- 
ing £ ray «90 m in the water sample. £ ray is derived 
from measurements in Super-Kamiokande |25j , and 
reduces qb g by about 1/3. 
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Parameter 


A [nm] 


Value 


Filter Transmission T(A) 


415 


5.5±0.2 


[io- 3 ] 


430 


7.8±0.3 




442 


6.7±0.3 


Relative photoefficiency 


e 


0.69±0.05 


Optical reflections 


Q 


0.083±0.003 



TABLE I: Corrections applied to the measured ratio of scat- 
tered to incident number of photons: The correction T re- 
garding greyfilter and polarizer transmission was measured 
for three relevant wavelength regions, e reflects the relative 
photoefficiencies of PM-S and PM-B, while q corrects for light 
losses due to reflections at the sample surfaces (Sec. IV I. 



• The relative photoefficiency e of PM-S to PM-B 
is taken into account, e has been determined for 
the used range of wavelengths in an auxiliary mea- 
surement (Tab.|l]). Also the angular dependence of 
PM-S's efficiency due to magnetic stray fields has 
been tested. 

• The transmission coefficients t g f (i) of the greyfilters 
and of the polarization filter (i po i) are included. 
The values have been determined by two auxil- 
iary measurements, the first using a slight modifi- 
cation of the described setup, the seco nd employing 
a portable spectrometer (see Sect. III). Both return 
compatible results. As the greyfilters reduce the 
light registered by PM-B, while the polarizer ab- 
sorbs some of the light scattered in the solid angle 
of PM-S, the correction factor T (Tab.|l]) is the quo- 
tient of the relative transmission factors: 



T 



tpol 



(5) 



• Corrections for reflection of the light beam at the 
glass surface of the sample holder are applied to 
obtain the ratio of scattered photons N$ relative 
to the incident number of photons No. With q 
being the relative light loss by surface reflections 
(Tab.|l]), the number of photons (Nb) detected by 
PM-B after crossing the sample is given by Nb=(1- 
q)Nq. The light attenuation by the sample can be 
neglected. 

Applying all corrections, one obtains 



PM-S. And lastly, refraction and reflection of the scat- 
tered light on the sample holder surface will modify the 
effective solid angle seen by PM-S [T7] . 

Therefore, the most feasible way to correlate q COI to a 
scattering length £ is the comparison to a Monte Carlo 
simulation of the experimental geometry. The simulation 
toolkit Geant4 has been used to retrieve effective 
values <?mc(#) that represent the ratio of Ns to N as- 
suming isotropic scattering. The input scattering length 
^mc is 1 rn. Therefore, the ratio of the experimental value 
of the scattering length(s) to the MC length corresponds 
to the ratio of the measured value q cor and the simulated 
value gMC- The ratio qMc{9) takes solid angle, PM-S po- 
sition and the influence of the glass and sample surfaces 
into account. The ratio Q(9) = q CO r(Q) / (<1mc(Q)£mc) is 
independent of the solid angle and has already the di- 
mension of an inverse scattering length. 

In total, eight values are retrieved for Q(9,p) corre- 
sponding to the four angles (9 — 75°, 90°, 105°, and 
120°) and the two polarization states p used in the ex- 
periment. Scattering in the sample is approximated by 
two processes: a polarized anisotropic contribution A p {9) 
with an intensity distribution / an (0) = |(1 + cos 2 9) of 
Eq. |TJ); and an unpolarized isotropic component I that 
represents mainly absorption-reemission processes with 
fie(&) — 1- Contributions from Mie scattering follow- 
ing an individual angular distribution can be neglected 
(Sect.[v]). Due to the different dependences on 9 and p, 
the contributions of the two processes in the sample can 
be determined by fitting the sum A p (0) + X to the mea- 
sured values Q(9,p): 
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= Te(l-g) (q-q hg ).(6) 



In Eq. Ns is the number of photons measured by 
PM-S. It is considerably lower than the total number of 
photons scattered inside the sample: First of all, the field 
of view is narrowed by the apertures in front of PM-S, 
which on the one hand reduces the number of scattered 
photons in the solid angle f2 allowed by the apertures 
(Fig.[lJ and on the other hand introduces an angular 
dependence on the length of the beam portion seen by 



Q±(6) = A ± (9)+l=^Q !m 

Quo?) = A m+z=^i 
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Q an and Q- ls are fit parameters and represent the contri- 
butions of anisotropic and isotropic scattering summed 
for both polarization states p. 

Fig. [2] shows the data points Q(9,p) and the fitted 
curves for the case of Dodecane (C12) and a wavelength 
of 415 nm. Filled circles correspond to perpendicular, 
open ones to parallel polarization. The isotropic scatter- 
ing length £ is is the inverse of Qj s (Sect.|TTj). 

While possible in most cases, for some samples the 
scattering of the data points is too large to retrieve a fit 
with a reasonable x 2 -value. Under these circumstances, 
the fit is replaced by an alternative analysis using mean 
values: The difference in the mean perpendicular ra- 
tio (Qx) and the mean parallel ratio (Qn) is due to 
anisotropic scattering only (Eq. (|7|). Averaging over all 
scattering angles 9, the ratios of isotropic and anisotropic 
scattering can be written as: 



_ 2{Q 1 _)-2{Q\\) . n 



2(Q||)-2(Q ± )(cos 2 9) 



(8) 
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Abbr. 


CAS# 


Purity Manufacturer, Product 


PXE 


6196-95-8 


>0.97 


Dixie, POXE 


LAB P500 


67774-74-7 


0.992 


Petresa, Petrelab 500 


LAB P550 






Petresa, Petrelab 550 


LAB 550Q 






Petresa, Petrelab 550 Q 


C12 SA 


112-40-3 


>0.98 


Fluka, SA44020 


C12 AC 






Alway Chem 


PC 


95-63-6 


>0.98 


Merck, SA814505 


CX 


110-82-7 


0.9999 


Merck, Uvasol, SA102822 



TABLE II: Overview of the CAS numbers, molecular purities, 
product names and manufacturers of the used solvents and 
solutes. 



FIG. 2: Data points Q{9) in dependence of the scattering 
angle 8. Filled (open) circles represent perpendicular (par- 
allel) polarization. The two lines correspond to fits to the 
data points, parameterized according to Eqs. Q. Data corre- 
sponds to a Dodecane sample at 415 nm wavelength. 



The uncertainties of the results obtained in this way 
are usually larger but in good agreement with the results 
of the fit to the data points. 

As the effective ratios qMC have been calculated as- 
suming an isotropic scattering, I ; s corresponds to the in- 
verse value of Qi S . However, an additional factor of 4/3 
appears in the case of anisotropic scattering, as the in- 
tegral over the angular dependence function f an (0) that 
has been implicitly used in Eq.[7]is only 0.75 n (while the 
integral of fi s (8) is n). Therefore, 



£ = 



Qis 

J7is(fl)dfl 1 = 4^ 
j7a„(0)d0Q an 3Q ai 
1 _ 1 1 

^is ^an 



V. EXPERIMENTAL RESULTS 

The results reported here are from two series of mea- 
surements: The first one covers a large variety of solvent 
samples, while the incident light wavelength is fixed at 
430 nm. The second series investigated the wavelength 
dependence of a subgroup of solvents by taking measure- 
ments at three different wavelengths. 



A. Scattering Lengths at 430 nm 

The measurements were performed at a wavelength 
of 430 nm at which scintillation light is well transmit- 
ted through the solvent. A broad selection of materials 
has been screened, including phenylxylylethane 'PXE', 
pseudocumene 'PC, dodecane 'C12' from two different 



manufacturers ('SA' for Sigma Aldrich, 'AC' for Alway 
Chem), and three brands of linear alkylbenzene 'LAB' 
produced by Petresa ('p500\ 'p550', and '550Q'). In 
addition, the solvent cyclohexane 'CX' has been tested, 
as it is a standard for spectroscopic measurements. The 
sample of PXE was characterized before and after purifi- 
cation by column chromatography using aluminum ox- 
ide. CAS-numbers and material purities of the samples 
are listed in Tab. [TT| together with the manufacturers and 
product numbers. 

Tab. |III| summarizes the results of the analysis. Both 
the anisotropic and isotropic scattering length £ an and 
i- ls are shown. The total scattering length is can be 
derived via Eq. pL For £ an and l- la the uncorrelated 
uncertainties are shown, while the second uncertainty 
given for reflects the correlated effects, which mainly 
arise from the transmission factors T of the greyfilters 
and polarizer, and from the relative photocfficicncy e of 
the phototubes (Sect. IV). 



PXEu: For the unpurified sample, £ an =34±4m 
is in good agreement with the expected value for 
^ray=32m (see below). ^i S =23±lm is the shortest 
isotropic scattering length of all measured samples. As 
the anisotropic scattering shows no sign of Mie contri- 
butions, it will mainly be due to absorption-reemission 
processes, .£i s ~^arc- This is consistent with the relatively 
low purity of 97 % reported in the product specification 
sheet |27j . The main organic impurities are molecules 
closely related to regular PXE: PPXE and PMXE 
feature benzene rings and probably absorption bands at 
longer wavelengths. The resulting value ^s=13.6±1.2m 
is therefore relatively short. 

PXEp: A further measurement performed after 
purification of the PXE in an aluminum column shows 
an increase in the total scattering length to €s=22±3m. 
However, due to the low quality of the fit the data points 
had to be evaluated according to Eq. ([8]) ; both scattering 
lengths ^i S =40±4m and £ an =51±13m are greater than 
in the unpurified sample, but feature large uncertainties. 



LAB: 



^40±5 m is similar for all samples and 



slightly lower than the calculated value £ ray =45m. 
As~67±6m is quite large; this corresponds to the 
expected low level of contamination with organic impuri- 
ties. These are mostly n-decanes which are not supposed 
to lower the transparency (compare the results for C12). 
Concerning ^g«25±2m, no significant difference can be 
found between the three different brands. 

C12: As expected, dodecane is the most transpar- 
ent of the tested solvents. Both the samples from Sigma 
Aldrich and Alway Chem show only small isotropic 
contributions: ^ s «f30m or even larger. Also for 
^an~45m, no large differences between the products 
from Sigma Aldrich and Alway Chem can be found. The 
total scattering length £g«35±4m is the longest of the 
three solvents, reflecting the high transparency of C12. 

PC is the solvent used in the currently running 
Borexino and KamLAND experiments (in the second 
case under the addition of n-paraffins) [5J H5J. Its 
optical properties have been thoroughly investigated in 
[9]: With €g=7.8±0.8m the present work reproduces 
the former result. In accordance to the expectation, 
19±3 mRi^ ra y is rather short due to the high density 
of scattering centers. Like in the case of PXEp, mean 
values of the ratio Q were used in the evaluation as the 
reduced x 2 of the fit is rather high. 

CX can be used to cross-check the validity of the 
measured results. CX is supposed to show no significant 
absorption for A > 150 nm [3pJ. This is well reproduced 
in the measurements of this highly pure sample: The 
inverse of £; s , Qi s =(8±64) x 10 -5 m^ 1 , is compatible 
with 0. The measured anisotropic scattering length 
£ an =.£s=45±5m is in excellent agreement with the 
predictions for A ray =44m 29 31]. CX can therefore 
be seen as a benchmark for the reliability of the other 
measurements; £ a n is very sensitive to the correct 
treatment of the background measurement, especially 
the used Rayleigh scattering length of water (Sect. IV I. 



Sample 



Is 



X7ndf £, 



The Rayleigh scattering lengths £ ray that are quoted for 
comparison have been derived using the total Rayleigh 
cross section 



Cray(A, Aq) 



8tt 



Ao 4 



(A 2 -A 2 )' 



A>A 87T 2 ^0 

3 Ve A 4 



(9) 



Here, r e =2.9fm is the classic electron radius, while 
Ao is the resonance wavelength which corresponds to the 
spectral absorption maximum of the solvent molecule. 
For long wavelengths, ^ ra y(A) can be approximated by 
the well-known A 4 dependence [L2] . 

For PXE, LAB, and PC, the expected Rayleigh length 
can be estimated using Eqs. ^ and The neces- 

sary absorption maxima and number densities have been 
adopted from [27, 32 34J. For CX, former measurements 
at longer wavelengths can be extrapolated to 430 nm [2"9T - 



PXEu 
PXEp 

C12SA 
C12 AC 

LAB p500 
LAB p550 
LAB550Q 
PC 
CX 



22.8±1.0 
40.0L3.9 
258±54 
132±16 
75.3L5.3 
60.5L3.7 
66.3L5.7 
13.0L0.9 
>10 3 



33.6L4.0 

51L13 
40.9L3.9 
48.5L5.6 
40.2L4.4 
40.5L5.2 
40.0L4.6 
19.3L3.3 
45.0±4.5 



13.6±0.7±1.0 
22.3±2.7±1.6 
35.3±3.0±2.2 
35.4±3.1±2.3 
26.2±1.9±1.6 
24.3±1.9±1.5 
25.0±1.9±1.6 
7.8±0.6±0.6 
44.9±4.5±2.9 



1.39 
3.71 
0.92 
0.77 
1.23 
1.29 
0.80 
1.52 
0.74 



32 
32 



45 
45 
45 
21 
44 



TABLE III: Results from the measurement series performed 
at 430 nm. The isotropic £- ls , anisotropic £ an , and the total 
scattering length are reported. For £i a and l &n , only the 
uncorrelated uncertainties are quoted, for is also the corre- 
lated uncertainties. The reduced x 2_va l ue of the analysis fit 
are shown as well. The expected Rayleigh scattering length 
Imy is shown for comparison (Sect-IVA). 



Sample 


A [nm] 


4 S [m] 


4n [m] 


4 [m] 


X 7ndf 


PXEu 


415 


14.0L0.8 


27.8L5.2 


9.3±0.6±0.7 


0.52 




430 


18.6L1.4 


32.1L7.1 


11.8±1.0±0.9 


1.86 




442 


21.1±0.4 41.7L9.5 


14.0±1.2±1.1 


0.92 


PXEp 


415 


37.5±2.9 


65±17 


23.8±2.5±1.8 


0.72 




430 


40.0L3.9 


51L13 


22.3±2.7±1.6 


3.71 


C12SA 


415 


158±32 


36.9L4.9 


29.9±3.4±2.3 


0.60 




430 


133±29 


49±10 


36.0±5.6±2.6 


2.62 




442 


381L149 


76L18 


63±13±5 


0.82 


PC 


415 


11.4L0.7 


19.6±3.2 


7.2±0.5±0.6 


0.51 




430 


13.0L0.9 


19.3L3.3 


7.8±0.6±0.6 


1.52 




442 


17.0±1.1 


33.8L7.2 


11.3±0.9±0.9 


0.37 


CX 


415 


>10 a 


41.1L5.4 44.2±6.4±3.4 


0.33 




430 


>10 3 


40.8±6.0 45.1±7.9±3.3 


2.48 




442 


512L389 


53.0L9.8 


48.0±8.5±3.8 


1.16 



TABLE IV: Results from the second measurement series 
performed at three different wavelengths. Anisotropic ^ an , 
isotropic 4 S and the resulting total scattering length is are 
reported for original and purified PXE, C12, PC, and CX. 
The last column shows the reduced x 2 " va lue of the analysis 
fit. 



In general, both Rayleigh and Mie scattering will con- 
tribute to the anisotropic scattering component. How- 
ever, ^ r ay~^an seems to hold rather well for all samples, 
leaving only small room for Mie scattering. Moreover, for 
none of the samples an asymmetry between forward and 
backward scattering amplitudes could be found, which 
- if present - would also be a strong indication for Mie 
scattering (Sect.|n|. As neither asymmetry nor a surplus 
of anisotropic scattering is observed, the measurements 
point toward a negligible contribution of Mie scattering. 
Thus, £- ls can be directly associated with the absorption- 
rccmission length £ aro . 
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410 415 420 425 



430 435 440 445 
Incident wavelength [m] 



FIG. 3: Results for the anisotropic scattering length t m for 
PXE'u', C12, PC, and cyclohexane (CX) at three different 
wavelengths. For comparison, fits according to Eq. (|9| are 
shown as solid curves of the same color. The data points 
are in good agreement with the A 4 -dependence expected for 
Rayleigh scattering. 



B. Wavelength Dependence 

C12, PXE (both original 'u' and purified 'p'), and PC 
(the solvent currently used in the Borexino experiment) 
were tested along with CX. The latter two were included 
to provide a standard for comparison with former mea- 
surements. 

To monitor the wavelength dependence of the individ- 
ual scattering components, the narrow bandpass in front 
of the sample was changed to perform measurements at 
415, 430, and 442 nm (Sect .[llT| . The resulting scattering 
lengths are shown in Tab. |IV| The measured scattering 
lengths of PC and CX are in good agreement with for- 
mer measurements [HI I2"M3"T] . 

Fig. [3] shows the measured anisotropic scattering 
lengths 4„ of PXEu, PC, C12, and CX for the three 
wavelength. The expected increase in scattering length 
with wavelength is observed for all samples. In addition, 
fits using the A-dependence of Eq. J9l) are shown. The 
best fit parameters as well as the x^alues are listed in 
Tab.|V] Especially for PC and PXE'u', the absorption 
maximum Ao is in good agreement with expectations. 
However, the uncertainties for Ao are large. 

In general, the quality of the wavelength-dependent 
measurements is lower than the results obtained for the 
fixed wavelength in Sect. |V A} This is correlated to a 
degradation of the glass surface of the beaker and proba- 
bly also to the frequent changes of bandpasses and LED 
light intensity that decrease the stability of the LED 
emission. Nevertheless, reasonable values can be ob- 
tained when using the mean values of Q± and Qll as 



Sample 


Expected 
A [nm] £ ray [m] 


Fit Result 
A [nm] 4 ay [m] xV n df 


PXEu 

C12SA 

PC 
CX 


265 32 

265 21 
<120 44 


252±192 34±4 0.11 
338±47 53±8 0.28 

285±147 23±3 1.99 
0±650 45±4 0.68 



TABLE V: Expected values 27, 29H34] and best-fit parame- 
ters resulting from a fit of Eq. (|9| to the measured anisotropic 
scattering length at three different wavelengths. The values of 
the absorption-band maximum Ao agree rather well with pre- 
dictions, while uncertainties are quite large. £ Tay corresponds 
to the Rayleigh scattering length at 430 nm. \ 2 indicates the 
quality of the fit (ndf=l). 



along with the reduced % 2 values to give an indication of 
the general quality of the data point. Note, however, that 
the results for 430 nm featuring the worst \ 2 values are 
in good agreement with the measurements of the same 
samples in the first series. 

As PC and purified PXE were only characterized as 
part of the wavelength-dependent measurement, the re- 



sults presented in Tab. Ill are identical to the values at 
430 nm in Tab.[lV} Unfortunately, PXEp is affected the 
most by the afore- mentioned degradation of the glass sur- 
faces. While the 415 nm data point is reliable, the one 
at 430 nm should be used with care, and the data of the 
442 nm measurement was not usable and therefore omit- 
ted from Tab-HVl 



described in Sect. IV These results are quoted in Tab. IV 



VI. DISCUSSION AND CONCLUSIONS 

The scattering lengths of organic solvents character- 
ized in the present work vary between ~8m for PC and 
35 m for C12 in the 430 nm wavelength band. The ex- 
pected values for the Rayleigh scattering lengths and 
the measured results are in good agreement. The A 4 - 
dependence of the Rayleigh scattering length is found. 
The proportion of absorption/re-emission processes can 
be clearly correlated to the chemical purity of the sam- 
ples. Evidence of Mie scattering is not observed. 

Scintillation and light transport in a large-volume 
liquid-scintillator detector are a complex interplay of sev- 
eral wavelength-dependent parameters of solvents, so- 
lutes, and photomultipliers. It is difficult to evaluate 
the importance of a single quantity, e.g., the scattering 
length outside the context of a solvent's overall perfor- 
mance, and almost impossible to provide accurate pre- 
dictions for the performance of a final detector without a 
fair knowledge of all relevant parameters and the use of 
extensive Monte Carlo simulations of the setup. 

Nevertheless, the measured scattering lengths allow 
a few general assertions concerning the aptitude of the 
investigated solvents for future large-scale detectors of 
masses of 10 kt and more. While PC is an excellent choice 
for present 100 1 to lkt scale detectors, the rather short 
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scattering length will most likely lead to a rapid deteri- 
oration of its capabilities in vertex and time reconstruc- 
tion with increasing detector dimensions. However, en- 
ergy resolution will still be excellent, as light absorption 
processes are almost non-existent in PC [S]. 

The situation for PXE is comparable: Without purifi- 
cation by column chromatography, the scattering length 
is very low. In addition, a large impact of light absorp- 
tion was visible in attenuation length measurements |35j , 
which would mean a significant reduction of the light 
output in a large detector. Purification or, alternatively, 
chemically cleaner production of PXE would offer a vi- 
able candidate for a detector of 20 to 30 m diameter. 
Measurements show that attenuation length L=10m or 
slightly larger can be reached [55] . The value ^s=22 m ob- 
tained for the scattering length in this work indicates that 
scintillation signals from the bulk of the detector should 
not be smeared out too much in time before they reach 
the photomultipliers. Nevertheless, absorption would be 
of the same order as the scattering processes, reducing 
the effective light yield considerably in comparison to, 
e.g., Borexino [51 [51 155], 

However, diluting either PC or PXE with C12 or other 
n-decanes might be a good option to increase the opti- 
cal transparency of the liquid in order to minimize both 
scattering and absorption. Laboratory experiments in 
the frame of R&D activities for DoublcChooz as well as 
the experience with KamLAND show that adding up to 
80% of C12 only moderately decreases the initial scin- 
tillation light yield (by 10-20%) [28J|57], while the gain 
in attenuation length might more than compensate these 
losses. Recently, values of L of several tens of meters at 
430 nm have been reported from spectroscopic measure- 
ments [38]. 

Based on the present results as well as R&D measure- 



ments performed for the future SNO+ experiment, LAB 
seems to be the best solution for a large-volume detec- 
tor. Without further purification, £=15-20 m [581 [55] 
and is— 25 m reduce the light losses during propagation 
to the PMTs to a minimum. The smearing of the arrival 
time pattern due to scattering will have only a minor im- 
pact on the time resolution as long as the diameter of 
the scintillator tank does not exceed 30 to 40 m. How- 
ever, for certain applications, e. g. nucleon decay search, 
the relatively slow fluorescence decay of LAB (as deter- 
mined in [40] ) in comparison to PC/PXE might imply a 
drawback as the efficiency for resolving fast coincidences 
is reduced [5fJ] . 

The present knowledge on solvent parameters suggests 
LAB or mixtures of PC/PXE and C12 as the most viable 
candidates for liquid-scintillator detectors of 10 kt mass 
or above. While additional experiments, e. g. a precision 
measurement of the wavelength-dependent attenuation 
length in a scintillator cell of several meters in length, 
are still missing, detector diameters of 30 m or more 
seem feasible. The present results can serve as a valuable 
input for upcoming simulations of the scintillation light 
transport in large-scale detectors. 
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